Abstract: Chemotaxonomic metabolite profiling of 62 indigenous Korean plant species was performed by ultrahigh performance liquid chromatography (UHPLC)-linear trap quadrupole-ion trap (LTQ-IT) mass spectrometry/mass spectrometry (MS/MS) combined with multivariate statistical analysis. In partial least squares discriminant analysis (PLS-DA), the 62 species clustered depending on their phylogenetic family, in particular, Aceraceae, Betulaceae, and Fagaceae were distinguished from Rosaceae, Fabaceae, and Asteraceae. Quinic acid, gallic acid, quercetin, quercetin derivatives, kaempferol, and kaempferol derivatives were identified as family-specific metabolites, and were found in relatively high concentrations in Aceraceae, Betulaceae, and Fagaceae. Fagaceae and Asteraceae were selected based on results of PLS-DA and bioactivities to determine the correlation between metabolic differences among plant families and bioactivities. Quinic acid, quercetin, kaempferol, quercetin derivatives, and kaempferol derivatives were found in higher concentrations in Fagaceae than in Asteraceae, and were positively correlated with antioxidant and tyrosinase inhibition activities. These results suggest that metabolite profiling was a useful tool for finding the different metabolic states of each plant family and understanding the correlation between metabolites and bioactivities in accordance with plant family.
Introduction
Because of its location and temperate climate, Korea has a wide diversity of plant species [1, 2] . These various plant species are characterized by different compositions and amounts of the phytochemicals responsible for color and bioactive properties according to environmental factors such as water utility, temperature, climate, and cultivation period [3] [4] [5] . Some of these plant species contain beneficial secondary metabolic compounds, which contribute to bioactivities such as antioxidant, anti-inflammatory, antibacterial, and tyrosinase inhibitory activity [6] [7] [8] . Because of their bioactive utility, many indigenous Korean plants have been used for medical and other purposes, such as health promoting foods [9] , anti-obesity medication [10] , antioxidant and anticancer agents [11, 12] , and cosmetics [13] . To understand and effectively utilize the indigenous Korean plant species, taxonomic classification is necessary. Plant classification can be accomplished by comparing differences in properties of plant species, such as morphological [14] , physiological [15] , and chemical characteristics [16] . Among the various plant taxonomic methods, chemotaxonomy, a method based on differences in chemical compounds, is a useful tool for classification of plant species. Chemotaxonomic plant classification has been used to classify plant species according to their phylogenetic genus [17] .
Recently, metabolomics has been used, and is a powerful tool for metabolite analysis such as quality control for food [18] , metabolism of microorganisms [19] , and human disease biomarkers [20] . Metabolomics is also a valuable tool for comprehensive identification and quantification of metabolites in plants, including plant metabolite profiling [21] , analysis of plant compounds in food and medicine [18, 22] , and research of plant development [23] . For several decades, metabolomics has been used as a chemotaxonomic tool for classification of plant species [24] . Metabolomics based on liquid chromatographic separation combined with mass spectrometry offers detailed information on plant metabolites [25] and could be advantageous in botanical chemotaxonomy.
Metabolomics has been previously used in plant research. Liquid chromatography-mass spectrometry (LC-MS)-based metabolite profiling is valuable for analysis of compounds over a wide range of polarity and molecular weight [26] . Beneficial secondary compounds in plants, such as flavonoids, phenolic compounds, and terpenoids have been identified [27, 28] , and plant bioactivities, including antioxidant activity [29] , antimicrobial activity, and tyrosinase inhibition activity [30] have been reported. However, few studies have attempted to reveal the relationship between metabolite differences and bioactivity in diverse plant species. In this study, metabolite profiling of 62 indigenous Korean plant species, in 6 phylogenetically distant botanical families (Aceraceae, Betulaceae, Fagaceae, Rosaceae, Asteraceae, and Fabaceae), was performed using LC-MS for chemotaxonomic classification. In addition, we selected significantly different metabolites among plant families and analyzed their correlation with bioactivity.
Results and Discussion

Chemotaxonomic Metabolite Profiling of 62 Indigenous Korean Plant Species
Sixty-two indigenous Korean plant species were analyzed by ultrahigh performance liquid chromatography (UHPLC)-linear trap quadrupole-ion trap (LTQ-IT) mass spectrometry/mass spectrometry (MS/MS) combined with multivariate statistical analysis. Metabolite profiling was used as a chemotaxonomic tool for analyzing differences in metabolites among the 62 plant species. In principal component analysis (PCA) and partial least squares discriminant analysis (PLS-DA), the 62 species were clustered depending on their phylogeny ( Figure 1A , Figure S1A ). Betulaceae, Fagaceae, and Aceraceae clusters were distinguished from Asteraceae, Fabaceae, and Rosaceae clusters by PLS1 (4.66%). The feature values were a metabolic data set analyzed by UHPLC-LTQ-IT-MS/MS and class information was plant phylogeny, in particular, family. PLS-DA clearly showed clustering patterns ( Figure 1A ) because it used class information in addition to feature values, which helped to determine whether the species were correctly classified. Hierarchical cluster analysis (HCA) dendrograms based on PCA ( Figure S1B ) and PLS-DA results ( Figure 1B ) derived from the UHPLC-LTQ-IT-MS/MS dataset showed merging patterns by each plant family. There were two large groups; one consisted of the Betulaceae, Fagaceae, and Aceraceae, and the other was composed of the Rosaceae, Fabaceae, and Asteraceae. Although samples were collected from different areas at various times, multivariate statistical analysis indicated that metabolic differences in plant species mainly depended on phylogenetic properties rather than environmental factors. Similar research revealed that differences in secondary metabolites of plants were affected by species rather than geological difference [31] . Twenty-four metabolites were considered as significantly different metabolites among the 6 plant families by variable importance in the projection (VIP) > 0.7 and p-value < 0.05 (Table 1) . Sixteen metabolites were tentatively identified by comparing mass spectra and retention time of standard compounds or mass to charge ratio, mass fragment patterns, and UV absorbance according to references [32] [33] [34] [35] [36] . The identified metabolites were polyols (quinic acid and dicaffeoylquinic acid), phenolic compounds (gallic acid and digalloyl-hexoside), and flavonoids and flavonoid derivatives (quercetin, quercetin derivatives, kaempferol, kaempferol derivatives, isorhamnetin, patuletin, catechin, and genistein), which are known secondary metabolic compounds in various plant species [32] [33] [34] [35] [36] . Including eight non-identified metabolites, relative amounts of the 24 metabolites among the six families are shown in doughnut charts ( Figure S2 ) and the box and whisker plots (Figure 2 ). Quinic acid (1), gallic acid (2), quercetin-3-O-arabinoside (4), quercetin-3-O-rhamnoside (5), kaempferol-3-O-rhamnoside (7), kaempferol derivatives (8), isorhamnetin (10), digalloyl hexoside (11), kaempferol-7-O-rutinoside (13) , quercetin (14) , patuletin (16) , kaempferol (17) , and non-identified (N.I.) metabolites (12, 18-20, 23-24) were at high concentrations in Aceraceae, Betulaceae, and Fagaceae, whereas 6-hydroxykaempferol-O-galloylhexoside (3), dicaffeoylquinic acid (6), catechin (9) , genistein (15) , and N.I. metabolites (21, 22) were high in Rosaceae, Asteraceae, and Fabaceae. As shown in the box and whisker plots, the amounts of several metabolites were high in some families. Levels of isorhamnetin and quercetin were higher in Betulaceae than in other families. Isorhamnetin and quercetin are classified as flavonols, which were used as a chemotaxonomic marker for Betulaceae [37] . Levels of isorhamnetin and kaempferol-7-O-rutinoside were higher in Fagaceae. These substances have been detected in Fagaceae in other studies [32] . Catechin could be used as a marker for Asteraceae because of its high concentration. Previous studies highlighted catechin as an antioxidant phenolic compound in this family [38] . Genistein is a major isoflavone in the Fabaceae family [39] and exhibited the highest concentration in this family. Thus, genistein could be used as a marker for the family Fabaceae. These results indicated that the indigenous Korean plant species showed dissimilar metabolic states in accordance with plant phylogeny, which contributed to the grouping and separation patterns by family through multivariate statistical analysis. Moreover, some metabolites could be used as markers for a plant family because of the high concentration of metabolites in that family.
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Figure 2. Box and whisker plots of significantly different metabolites among 6 plant families analyzed by ultrahigh performance liquid chromatography (UHPLC)-linear trap quadrupole-ion trap (LTQ-IT) mass spectrometry/mass spectrometry (MS/MS). Metabolites at higher concentrations in Aceraceae, Betulaceae, and Fagaceae (A) and at higher concentrations in Rosaceae, Asteraceae, and Fabaceae (B) are shown.
The Y-axis of the box and whisker plots indicates the peak area of each metabolite transformed by log10 (ACE, Aceraceae; BET, Betulaceae; FAG, Fagaceae; ROS, Rosaceae; AST, Asteraceae; FAB, Fabaceae; Line, mean; box, standard error; whisker, standard deviation). Metabolites at higher concentrations in Aceraceae, Betulaceae, and Fagaceae (A) and at higher concentrations in Rosaceae, Asteraceae, and Fabaceae (B) are shown. The Y-axis of the box and whisker plots indicates the peak area of each metabolite transformed by log 10 (ACE, Aceraceae; BET, Betulaceae; FAG, Fagaceae; ROS, Rosaceae; AST, Asteraceae; FAB, Fabaceae; Line, mean; box, standard error; whisker, standard deviation). 
Bioactivities of 62 Indigenous Korean Plant Species
To compare the bioactivities of the 62 indigenous Korean plant species, antioxidant activity using the DPPH radical scavenging assay and tyrosinase inhibition activity were measured. The antioxidant activity of 62 species ( Figure 3A) and average values for each family ( Figure 3B ) are shown as the standard of Trolox equivalent antioxidant activity. Although there were variations in antioxidant activity among the species belonging to the same family, average values of antioxidant activity in order from highest to lowest were: Aceraceae, Fagaceae, Betulaceae, Rosaceae, Fabaceae, and Asteraceae. In Figure 3 , tyrosinase inhibition activity of the 62 species ( Figure 3C ) and average value for each family ( Figure 3D ) are shown. The average values of tyrosinase inhibition activity in order from highest to lowest were: Fabaceae, Fagaceae, Betulaceae, Aceraceae, Rosaceae, and Asteraceae. However, wide individual variation in tyrosinase inhibition activity among the plant species in the same family was observed. Aceraceae, Betulaceae, and Fagaceae exhibited higher bioactivity than Asteraceae, Fabaceae, and Rosaceae ( Figure 3B,D) .
Correlation of Metabolic Differences and Bioactivities in Plant Families
As shown in Figure 1 , metabolite profiling of the six plant families revealed that Aceraceae, Betulaceae, and Fagaceae clusters were separated from those of Rosaceae, Asteraceae, and Fabaceae. This was similar to the results of bioactivity analyses for the six families. Antioxidant and tyrosinase inhibition activity was averagely higher in Aceraceae, Betulaceae, and Fagaceae than in Asteraceae, Fabaceae, and Rosaceae ( Figure 3) . Moreover, most of the identified metabolites, such as isorhamnetin, quercetin, kaempferol, and their glycosides exhibited high concentrations in Betulaceae, Fagaceae, and Aceraceae (Figure 2A ). Prior to this study, polyphenolic characterization of species in Betulaceae was performed, and isorhamnetin, quercetin, kaempferol, and their glycosides were identified as major flavonoids, which contribute to the anti-melano effect and antioxidant activity [40] . Furthermore, gallic acid and flavonoids were major polyphenols in plants in the Fagaceae family, which contribute to antioxidant activity [41, 42] . Similar to the Betulaceae and Fagaceae, Aceraceae species were reported to exhibit antioxidant activity due to various phenolic compounds, such as quercetin, kaempferol, and flavonoid derivatives [43] . These results suggested that the relatively high contents of bioactive compounds in Aceraceae, Betulaceae, and Fagaceae might contribute to the high bioactivity of those families. For detailed study of correlation between metabolic differences and bioactivities of plant families, Fagaceae and Asteraceae were selected based on the results of the multivariate statistical analysis and bioactivities. Fagaceae was substantially separated from Asteraceae on the PLS-DA score plot ( Figure 1A ), and these two families clearly showed different antioxidant and tyrosinase inhibition activities ( Figure 2B,D) . To determine the significantly different metabolites between Fagaceae and Asteraceae, an orthogonal partial least squares discriminant analysis (OPLS-DA) was conducted (Figure 4 ). OPLS-DA is an extension of PLS-DA, which pursues the maximization of explained variance between groups. Fourteen metabolites were selected as discriminant metabolites between Fagaceae and Asteraceae by VIP > 0.7 and p-value < 0.05 (Table 2) . Twelve metabolites were tentatively identified by comparing mass spectra and retention time of standard compounds, or mass to charge ratio, mass fragment patterns, and UV absorbance according to references [32, 33, 35] . Discriminant metabolites between Fagaceae and Asteraceae were indicated in a loading S-plot ( Figure 4B ). The relative contents of significantly different metabolites between Fagaceae and Asteraceae are visualized in the box and whisker plots ( Figure S3 ). The contents of quinic acid (1), quercetin-3-O-arabinoside (4), quercetin-3-O-rhamnoside (5), kaempferol-3-O-rhamnoside (7), quercetin (14) , kaempferol (17), 6-hydroxykaempferol-O-galloylhexoside (3), N.I. 4 (20) , and quercetin-O-pentoside (25) were averagely higher in Fagaceae than in Asteraceae ( Figure S3A ). Various flavonoids and flavonoid glycosides were identified in Fagaceae, and the antioxidant activity of these compounds was reported [44] .
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In order to visualize correlation of metabolites with antioxidant and tyrosinase inhibition activities, Pearson's correlation test was used to construct a correlation map ( Figure 5 ). Quinic acid (1), 6-hydroxykaempferol-O-galloylhexoside (3), quercetin-3-O-arabinoside (4), quercetin-3-O-rhamnoside (5), kaempferol-3-O-rhamnoside (7), kaempferol derivative (8), kaempferol-7-O-rutinoside (13), quercetin (14) , kaempferol (17) , N.I. 4 (20) , and quercetin-O-pentoside (25) were positively correlated with antioxidant activity (0.02 < r < 0.47) and tyrosinase inhibition activity (0.10 < r < 0.67). There have been few studies regarding direct bioactivity of quinic acid, but quinic acid is a precursor of hydroxycinnamic acid derivatives, which have been reported to show antioxidant and tyrosinase inhibition activities [45] . Antioxidant and tyrosinase inhibition activities of quercetin, kaempferol, quercetin glycosides, and kaempferol glycosides have been reported [46] . These results suggested that the high bioactivities of Fagaceae could be related to the high contents of those metabolites because of their positive correlations with bioactivity. Dicaffeoylquinic acid (6), apigenin (26) , and N.I. 9 (27) were negatively correlated with antioxidant (−0.47 < r < −0.29) and tyrosinase inhibition activities (−0.34 < r < −0.22). The results indicated that there were metabolic differences between Fagaceae and Asteraceae, and these metabolic In order to visualize correlation of metabolites with antioxidant and tyrosinase inhibition activities, Pearson's correlation test was used to construct a correlation map ( Figure 5 ).
Quinic acid (1), 6-hydroxykaempferol-O-galloylhexoside (3), quercetin-3-O-arabinoside (4), quercetin-3-O-rhamnoside (5),
kaempferol-3-O-rhamnoside (7), kaempferol derivative (8), kaempferol-7-O-rutinoside (13), quercetin (14) , kaempferol (17) , N.I. 4 (20) , and quercetin-O-pentoside (25) were positively correlated with antioxidant activity (0.02 < r < 0.47) and tyrosinase inhibition activity (0.10 < r < 0.67). There have been few studies regarding direct bioactivity of quinic acid, but quinic acid is a precursor of hydroxycinnamic acid derivatives, which have been reported to show antioxidant and tyrosinase inhibition activities [45] . Antioxidant and tyrosinase inhibition activities of quercetin, kaempferol, quercetin glycosides, and kaempferol glycosides have been reported [46] . These results suggested that the high bioactivities of Fagaceae could be related to the high contents of those metabolites because of their positive correlations with bioactivity. Dicaffeoylquinic acid (6), apigenin (26) , and N.I. 9 (27) were negatively correlated with antioxidant (´0.47 < r <´0.29) and tyrosinase inhibition activities (´0.34 < r <´0.22). The results indicated that there were metabolic differences between Fagaceae and Asteraceae, and these metabolic differences contributed to different bioactivities of Fagaceae and Asteraceae. Similar to the findings in this study, Surveswaran et al. [47] reported that different contents of phenolic compounds and flavonoids affected different antioxidant capacities of plant species. Thus, the six plant families showed different metabolic states as demonstrated in the multivariate statistical analysis, and these contributed to different bioactivities among the six plant families. differences contributed to different bioactivities of Fagaceae and Asteraceae. Similar to the findings in this study, Surveswaran et al. [47] reported that different contents of phenolic compounds and flavonoids affected different antioxidant capacities of plant species. Thus, the six plant families showed different metabolic states as demonstrated in the multivariate statistical analysis, and these contributed to different bioactivities among the six plant families. 
Experimental Section
Chemicals and Reagents
Ethanol, methanol, acetonitrile, and water were purchased from Fisher Scientific (Pittsburgh, PA, USA). 2,2 11 -Azinobis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS), 2,4,6-tripyridyl-s-triazine (TPTZ), hydrochloric acid (HCl), iron (III) chloride, acetic acid, 1,1-diphenyl-2-picrylhydrazyl (DPPH), 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox), formic acid, gallic acid (purity, ě98%), quercetin (purity, ě95%), genistein (purity, ě98%), and kaempferol (purity, ě90%) were obtained from Sigma-Aldrich (St. Louis, MO, USA).
Plant Materials
Sixty-two indigenous Korean plant species (eight Aceraceae, eight Fagaceae, nine Asteraceae, nine Fabaceae, 10 Betulaceae, and 18 Rosaceae) were used in this study (Table 3) . Plant samples were collected from seven provinces, two metropolitan cities, and one special self-governing province of Korea between May and October 2014. All voucher specimens were deposited in the herbarium of the National Institute of Biological Resources (NIBR, Incheon, Korea).
Sample Preparation
Plant samples were dried under shade, and each sample (100 g) was extracted three times with 70% ethanol (1000 mL). Each sample was concentrated by a rotary vacuum evaporator (Eyela, Tokyo, Japan) after filtration. The concentrated solution was freeze-dried and stored at below´70˝C before experimentation. Each extract sample (20 mg) was dissolved with 1 mL of 70% ethanol. Prior to ultrahigh performance liquid chromatography LTQ XL linear ion trap mass spectrometry/mass spectrometry (UHPLC-LTQ-XL-IT-MS/MS), 100 µL of each dissolved sample was filtered through a 0.2 µm PTFE filter.
UHPLC-LTQ-XL-IT-MS/MS Analysis
The Thermo Fischer Scientific LTQ XL linear ion trap mass spectrometry consisted of an electrospray interface (Thermo Fischer Scientific, San José, CA, USA) coupled with a DIONEX UltiMate 3000 RS Pump, RS Autosampler, RS Column Compartment, and RS Diode Array Detector (Dionex Corporation, Sunnyvale, CA, USA). Samples were separated on a Thermo Scientific Syncronis C18 UHPLC column with 1.7 µm particle size. The mobile phase consisted of A (0.1% (v/v) formic acid in water) and B (0.1% (v/v) formic acid in acetonitrile) and the gradient conditions were increased from 10% to 100% of solvent B over 18 min, and re-equilibrated to the initial condition for 4 min. The flow rate was 0.3 mL/min and the injection volume was 10 µL. Temperature of the column during measurement was maintained at 35˝C. The photodiode array was set at 200-600 nm for detection and managed by 3D field. Ion trap was performed in positive, negative, and full-scan ion modes within a range of 150-1000 m/z. The operating parameters were as follows: source voltage, 5 kV, capillary voltage, 39 V; capillary temperature, 275˝C. Tandem MS analysis was performed by scan-type turbo data-dependent scanning (DDS) under the same conditions used for MS scanning. 
Bioactivity Assays
For antioxidant activity by DPPH free radical scavenging assay, we followed Lee et al. [49] with some modifications. Reaction mixtures containing 20 µL of each dissolved sample and 180 µL of DPPH ethanol solution (0.2 mM) were incubated at room temperature for 20 min in 96-well plates. The absorbance of the DPPH free radicals was measured at 515 nm using a microplate reader. Results were expressed in mg of trolox equivalent concentration. Trolox standard solutions were serially diluted from 1 mM to 0.0625 mM. Experiments were carried out in triplicate.
Mushroom tyrosinase inhibition assay was carried out according to Kim et al. [50] with some variations. Reaction mixtures containing 153 µL of 0.1 M sodium phosphate buffer (pH 6.5), 36 µL of 1.5 mM L-tyrosine in 0.1 M sodium phosphate buffer (pH 6.5), 6 µL of mushroom tyrosinase (2500 unit/mL), and 5 µL of each dissolved sample were incubated at 37˝C for 20 min and the absorbance was measured at 490 nm using a microplate reader. Kojic acid was used as a positive control and 100% methanol was used as the negative control. Experiments were conducted in triplicate. Tyrosinase inhibition activity was calculated as follows:
Tyrosinase inhibition activity p%q " rpC 20min´C0min q´pS 20min´S0min qs{pC 20min´C0min qˆ100
( 1) where C 20min is the absorbance of the negative control after 20 min, C 0min is the absorbance of the negative control at 0 min, S 20min is the absorbance of the sample at 20 min, and S 0min is the absorbance of the sample at 0 min.
Conclusions
Chemotaxonomic metabolite profiling of 62 indigenous Korean plant species was performed by UHPLC-LTQ-IT-MS/MS combined with multivariate statistical analysis. Both PLS-DA score plots and HCA dendrograms showed that the 62 species were clearly separated according to family. In particular, Aceraceae, Betulaceae, and Fagaceae were distinguished from Rosaceae, Fabaceae, and Asteraceae. Quinic acid, gallic acid, digalloyl-hexoside, quercetin, kaempferol, isorhamnetin, quercetin derivatives, kaempferol derivatives, patuletin, dicaffeoylquinic acid, catechin, genistein, 6-hydroxykaempferol-O-galloylhexoside, and eight non-identified metabolites were found to be the major metabolites separating families, and their relative concentrations were compared. Antioxidant activity and tyrosinase inhibition activity were high in Aceraceae, Fagaceae, and Betulaceae. Fagaceae and Asteraceae were selected based on results of PLS-DA and bioactivities for correlation between metabolites and bioactivities. Among significantly different metabolites, quinic acid, quercetin, kaempferol, quercetin derivatives, kaempferol derivatives, and 1 non-identified metabolite had high concentrations in Fagaceae and these metabolites were positively correlated with antioxidant and tyrosinase inhibition activities. These results indicated that high concentrations of these metabolites existing in Fagaceae contributed to antioxidant and tyrosinase inhibition activities. In summary, this study suggested that metabolomics-based metabolite profiling was useful for chemotaxonomic analysis in various plant species, and could be helpful to select useful plant resources and identify beneficial phytochemicals. 
